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SUMMARY 

A fas t - response  instrument  f o r  monitor ing t h e  atmospheric c o n s t i t u e n t s  CO, 
CH4, and HC1 (u s ing  a modified nondispers ive  i n f r a r e d  technique)  was designed,  
assembled, and tested. This  gas f i l t e r  c o r r e l a t i o n  method uses  a sample o f  gas 
t o  provide a s e l e c t i v e  f i l t e r  f o r  r a d i a t i o n  absorbed i n  a gas mixture  conta in-  
i n g  t h e  s p e c i f i e d  gas. Depending on t h e  s p e c t r a l - l i n e  broadening, temperature ,  
and o p t i c a l  depth o f  t h e  gas selected, excep t iona l ly  high s p e c t r a l  r e s o l u t i o n  
may be a t t a i n e d .  
its s p e c i f i c  a p p l i c a t i o n  is presented a long  with t h e  s i g n a l  process ing  c i r c u i t .  
C a l i b r a t i o n s  o f  t h e  instrument  show t h a t  t h e  technique can be used t o  measure 
CO,  CH4, amd HC1 concen t r a t ions  as  small as 5 ppm-m. A f i e l d  ve r s ion  w a s  
employed t o  measure d i u r n a l  v a r i a t i o n s  of CO and CH4 and t h e  i n t e r f e r i n g  effects 
of o the r  a tmospheric  gases  were analyzed. 

A d e s c r i p t i o n  o f  t h e  single-beam r o t a t i n g - c e l l  system and 

INTRODUCTION 

The use  of  o p t i c a l  t echniques  f o r  real-time monitoring of  trace gases i n  
t h e  lower atmosphere r e q u i r e s  an instrument  o f  h igh-spec t ra l  r e s o l u t i o n  and 
high s e n s i t i v i t y  w h i l e  maintaining a r e l a t i v e  f a s t  response t i m e .  A number of  
o p t i c a l  ins t ruments  have been developed f o r  t h i s  purpose i n  r e c e n t  y e a r s ,  
i nc lud ing  both d i s p e r s i v e  and nondispers ive  abso rp t ion  methods, f l u o r e s c e n t  
methods, Raman-scattering methods, and laser abso rp t ion .  A new ve r s ion  o f  t he  
gas f i l t e r  c o r r e l a t i o n  ana lyze r ,  us ing  a nondispers ive  i n f r a r e d  technique ,  w a s  
selected f o r  t h i s  s tudy  because of t h e  ease of adapt ing  t h e  ins t rument  t o  a 
number of  important trace gases and because t h e  complexity o f  f i n e - l i n e  data 
a n a l y s i s  is s i g n i f i c a n t l y  reduced compared w i t h  t h a t  of  d i s p e r s i v e  techniques.  

To i l l u s t r a t e  t h e  a d a p t a b i l i t y ,  three gases ( C O ,  C H 4 ,  and H C 1 )  were 
selected f o r  t h i s  s tudy  because o f  t h e i r  importance i n  c u r r e n t  t roposphe r i c  
s t u d i e s .  Among t h e  trace gases present  i n  t h e  lower atmosphere,  C H 4  and CO 
have r e l a t i v e l y  h igh  concen t r a t ions  (about  1.5 ppm f o r  CH4 and from 0.01 t o  over  
10 ppm i n  urban areas f o r  CO) .  Although accura t e  product ion rates are n o t  
a v a i l a b l e ,  most a tmospheric  CH4 is thought  t o  r e s u l t  from anaerobic  bacterial 
decomposition o f  organic  matter. 
s i o n  by t h e  increased  turnover  o f  organic  matter, geothermal product ion ,  and 
the  product ion o f  c o a l  f i e lds ,  n a t u r a l  gas, and petroleum. Furthermore,  t h e  
ox ida t ion  of CH4 is  probably t h e  most important  n a t u r a l  source o f  a tmospheric  
CO; t h u s ,  both CH4 and CO are key gases i n  the  o v e r a l l  s tudy  o f  a i r - p o l l u t i o n  
sources  and s inks .  

Human a c t i v i t i e s  can be related t o  CH4 emis- 

HC1 is of concern because of  t h e  large amount of  t h i s  t o x i c  gas released 
from s o l i d  rocket  motors i n t o  ground exhaus t  c louds.  Resu l t s  o f  t h e  HC1 ver-  
s i o n  of t h i s  s tudy are being app l i ed  t o  an a i r b o r n e  ve r s ion  of t h e  instrument  
for use i n  mapping HC1 i n  an  exhaust  c loud mixing wi th  t h e  atmosphere. 



It is important  t o  po in t  o u t  t h a t  each- a p p l i c a t i o n  o f  the  gas f i l t e r  
c o r r e l a t i o n  technique has i ts  own unique problems. The instrument  descr ibed 
i n  t h i s  r e p o r t  is used f o r  a specific a p p l i c a t i o n  which inc ludes  a cons t an t  
l igh t  source and a known pa th  l eng th .  
t h i s  r e l a t i v e l y  s imple ve r s ion  o f  the  gas f i l t e r  c o r r e l a t i o n  technique i n  more 
complicated s i t u a t i o n s  such as those  encountered i n  a i r b o r n e  o r  sa te l l i t e  
ope ra t ions  where the r a d i a t i o n  from the Ea r th ' s  s u r f a c e  is  used as an energy 
source.  

Major modi f i ca t ions  are necessary  t o  use  

SYMBOLS 
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S 

V S  

VR 

AV 

x 
A 1  

r e so lv ing  power 

r e fe rence  gas 

s p e c i f y i n g  gas 

vo l t age  output  o f  d e t e c t o r  w i t h  s p e c i f y i n g  ce l l  i n  p a t h  

vo l t age  output  of  d e t e c t o r  w i t h  r e fe rence  ce l l  i n  pa th  

wavelength 

wavelength o f  first s p e c t r a l  l i n e  

APPARATUS AND METHOD 

I n f r a r e d  Measurement Techniques 

A l l  i n f r a r e d  (IR) ana lyze r s  r e q u i r e  a source ,  a d e t e c t o r ,  an  absorb ing  
medium, and a method o f  wavelength s e l e c t i o n .  The nondispers ive  i n f r a r e d  
technique does not  use  pr i sms  or g r a t i n g s ,  but  u ses  a sample o f  gas t o  provide 
a s e l e c t i v e  f i l t e r  f o r  r a d i a t i o n  absorbed i n  a gas mixture  con ta in ing  the  spec- 
i f i e d  gas. When two similar cel ls ,  one con ta in ing  t h e  spec i fy ing  gas and one 
con ta in ing  a nonabsorbing gas or a vacuum, are placed a l t e r n a t e l y  i n  a l i g h t  
beam, t h e  r a d i a t i o n  measured by t h e  d e t e c t o r  c o l l e c t i n g  t h e  beam is d i f f e r -  
e n t i a l l y  modulated only  a t  t h e  wavelengths a t  which t h e  spec i fy ing  gas absorbs.  
If the  o p t i c a l  depth of  t h e  spec i fy ing  gas c e l l  is increased  t o  where t h e  r ad i -  
a t i o n  is very  s t r o n g l y  absorbed a t  these characterist ic wavelengths,  then any 
small a d d i t i o n a l  abso rp t ion  o f  t h e  beam by t h e  s p e c i f i e d  gas loca ted  o u t s i d e  
the ce l l s  w i l l  cause a small decrease i n  t h e  modulated s i g n a l  s i n c e  the' add i -  
t i o n a l  abso rp t ion  w i l l  produce a larger s i g n a l  change when t h e  nonabsorbing 
ce l l  is  i n  t h e  beam than when t h e  spec i fy ing  c e l l  is  i n  t h e  beam. The differ-  
ence i n  s i g n a l  change is a r e s u l t  o f  t h e  nonl inear  characterist ic of  molecular 
energy abso rp t ion  o f  l i g h t .  
the  ce l l ,  the  largest s i g n a l  change would occur  i f  the o p t i c a l  depth o f  t h e  
spec i fy ing  ce l l  could be increased  t o  where no a d d i t i o n a l  o u t s i d e  abso rp t ion  

For a given concen t r a t ion  o f  s p e c i f i e d  gas o u t s i d e  
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is de tec t ed  when t h e  spec i fy ing  cell was i n  t h e  beam. I n  t h i s  manner, t h e  
spec i fy ing  cel l  acts as a s e l e c t i v e  gas f i l t e r  f o r  r a d i a t i o n  absorbed by a 
mixture o f  a tmospheric  c o n s t i t u e n t s .  

Resolving Power 

Resolut ion a t t a i n e d  wi th  t h e  gas f i l t e r  c o r r e l a t i o n  technique may be 
excep t iona l ly  h igh  but  depends on t h e  s p e c t r a l - l i n e  broadening, temperature ,  
and o p t i c a l  depth o f  t h e  spec i fy ing  gas selected. 
power of a d i s p e r s i v e  ins t rument  is given by 

The d e f i n i t i o n  of  r e so lv ing  

A 
A A 

Pr = - 

where AA is t h e  smallest d i f f e r e n c e  i n  wavelength o f  i d e n t i c a l  s p e c t r a l  l i n e s  
t h a t  can be d iscr imina ted  and A is t h e  average o f  t h e  wavelengths and 
A 1  + A A .  
maximum of  one f a l l s  on t h e  first minimum of  t h e  o t h e r .  For t he  nondispers ive  
gas f i l t e r  technique,  wavelength s e l e c t i o n  r e s u l t s  from the  abso rp t ion  by t h e  
spec i fy ing  gas and t h e  r e s o l v i n g  power is determined by t h e  width o f  t h e  ro t a -  
t i o n a l  l i n e s  wi th in  t h e  gas abso rp t ion  band s p e c t r a .  Only energy a t  wavelengths 
wi th in  these narrow i n t e r v a l s  r e s u l t s  i n  a change i n  t h e  ana lyzer  ou tpu t .  

By use o f  t h e  Rayleigh c r i t e r i o n ,  two l i n e s  are reso lved  when t h e  

The Rayleigh c r i t e r i o n  is a t t a i n e d  when 

AA = 1.2A1/2 

where x1,2 is t h e  l i n e  half-width.  The n a t u r a l  l i n e  widths  i n  tQe r o t a t i o n a l  
bands of  i n t e r e s t  i n  t h i s  s tudy  are i n  t h e  o rde r  of 0.001 t o  0.01 A and t h e  
w i d t h s  produced by t h e  Doppler effect  are from 0.01 t o  0.1 (ref.  1 ) .  S ince  
t h e  nondispers ive  gas f i l t e r  technique u s e s  a number o f  abso rp t ion  l i n e s  which 
d i f f e r  i n  half-width and whose va lues  are o f  ques t ionable  accuracy,  t h e  a c t u a l  
r e so lv ing  power of  t h i s  type  o f  instrument  is g e n e r a l l y  no t  c a l c u l a t e d .  How- 
e v e r ,  because t h e  r e s o l u t i o n  is a func t ion  o f  t h e  l i n e  half-width,  t h e  r e so lv -  
i n g  power o f  a gas f i l t e r  c o r r e l a t i o n  ana lyzer  should be equal  t o  o r  better than 
t h e  t y p i c a l  d i s p e r s i v e  ins t rument  whose r e s o l u t i o n  is determined by s l i t - w i d t h  
l i m i t a t i o n s .  Since l i n e  wid th  is a func t ion  o f  p re s su re  and o p t i c a l  depth ,  t h e  
s e l e c t i v i t y  can be increased  by decreas ing  t h e  p a r t i a l  p re s su re  and o p t i c a l  
l e n g t h  o f  the  s p e c i f y i n g  gas ce l l .  Gas f i l t e r  c o r r e l a t i o n  a l s o  o f f e r s  t h e  
advantage of  u s ing  the  c o n t r i b u t i o n  o f  a large number o f  abso rp t ion  l i n e s  o f  
a band system without  decreas ing  r e s o l u t i o n ;  thereby  t h e  r a d i a t i o n  l e v e l  is 
increased  above t h a t  g e n e r a l l y  a v a i l a b l e  when us ing  convent ional  spec t roscop ic  
ins t ruments .  

Gas F i l t e r  Op t i ca l  Design 

Although nondispers ive  i n f r a r e d  techniques have been app l i ed  t o  gas mea- 
surements f o r  over  t h r e e  decades (refs. 2 t o  71, t h e  need for h ighe r  s e n s i t i v -  
i t i e s  i n  a i r - p o l l u t i o n  monitor ing o f  trace gases has r e c e n t l y  accelerated t h e  
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development o f  these ins t ruments .  Improvements are being accomplished by 
modi f ica t ions  of  the  o p t i c a l  systems and by advances i n  t h e  e l e c t r o n i c  s i g n a l  
process ing .  Since ins t ruments  are needed t h a t  can measure concen t r a t ions  o f  
p a r t s  pe r  m i l l i o n  over  a I-m pa th  l e n g t h  of  l i g h t  (ppm-m), t he  e l e c t r o n i c -  
process ing  system must d e t e c t  and measure a s i g n a l  d i f f e rence  i n  t h e  range of  
one p a r t  i n  a thousand. 

The basic elements o f  t h e  gas-fi l ter  c o r r e l a t i o n  ana lyze r  designed f o r  t h i s  
experiment are shown schemat i ca l ly  i n  f i g u r e  1 .  The b a s i c  ins t rument  i n c l u d e s  
( 1 )  a p a r a l l e l  I R  beam provided by an I R  source  and a pa rabo l i c  mi r ro r ;  ( 2 )  an  
I R  l e n s ;  (3) a r o t a t i n g  c e l l ,  p a r t i t i o n e d  so  t h a t  ha l f  o f  t h e  c e l l  acts  as a 
spec i fy ing  ce l l  ( f i l l e d  w i t h  t he  gas of  i n t e r e s t  - CO, CH4,  or H C 1 )  and t h e  
o t h e r  ha l f  is evacuated or f i l l e d  w i t h  a t r a n s p a r e n t  gas such as N2 and acts  
as a r e fe rence  c e l l ;  ( 4 )  a r o t a t i n g  chopper,  wi th  n ine  evenly spaced s l o t s  on 
the  r e fe rence  c e l l  s i d e  and t e n  evenly spaced s l o t s  on the  spec i fy ing  s i d e ,  and 
permanently attached t o  the r o t a t i n g  ce l l  so  t h a t  t h e  fast l i g h t  chop w i l l  
remain sychronized w i t h  t h e  s lower modulation chop from s p e c i f y i n g  ce l l  t o  ref- 
erence  ce l l  (see f ig .  2 f o r  detai ls  o f  chopper b l a d e ) ;  (5 )  a narrow band-pass 
f i l t e r ;  (6) an I R  d e t e c t o r ;  and (7 )  an e l e c t r o n i c  s i g n a l  processor .  

Radiat ion from the  source  passes  through t h e  c a l i b r a t i o n  ce l l  (or the  
atmosphere) where i t  is s p e c t r a l l y  absorbed by the gas s p e c i f i e d  (CO, CH4,  or 
HC1) and o t h e r  absorbing gases some of which may cause i n t e r f e r e n c e  effects.  
The l i g h t  beam, a f t e r  being focused by t h e  I R  l e n s  onto  the  f i l t e r ed  d e t e c t o r ,  
is a l t e r n a t e l y  passed through t h e  spec i fy ing  c e l l  and t h e  r e fe rence  ce l l  and 
is chopped as t h e  ce l l  r o t a t e s .  When t h e  r a d i a t i o n  passes  through the  refer- 
ence c e l l ,  i t  is not  a t t enua ted  f u r t h e r ;  bu t  when it passes  through t h e  spec i fy-  
i n g  c e l l ,  it is s t r o n g l y  a t t e n u a t e d  i n  t h e  s p e c t r a l  i n t e r v a l  of  t he  absorb ing  
s p e c i f i e d  l i n e s .  Therefore ,  a modulated chopped s i g n a l  is  generated by t h e  
d e t e c t o r  as shown i n  f i g u r e  1 .  The magnitude o f  t h e  change of  t h i s  modulated 
s i g n a l  is r e l a t e d  t o  the  concent ra t ion  of  t h e  gas t o  be de t ec t ed  i n  t h e  c a l i b r a -  
t i o n  c e l l  o r  i n  t he  atmosphere. 

A narrow band-pass f i l t e r  is selected which passes  only  a small p o r t i o n  
o f  t he  abso rp t ion  band o f  i n t e r e s t  s o  t h a t  t h e  d e t e c t o r  views a very  l i m i t e d  
p a r t  of  t h e  wavelength i n t e r v a l  being emit ted by t h e  source.  I n  t h i s  manner 
t h e  effects of  i n t e r f e r i n g  gases and source v a r i a t i o n s  w i t h  wavelength are 
minimized. 

To e l i m i n a t e  v a r i a t i o n s  of  t he  output  s i g n a l  due t o  source  i n t e n s i t y  
f l u c t u a t i o n s ,  t h e  modulated s i g n a l  change is e l e c t r o n i c a l l y  d iv ided  by t h e  
d e t e c t o r  ou tput  when the  s p e c i f y i n g  cel l  is  i n  t h e  l i g h t  pa th .  This  s i g n a l ,  
which does not  vary  wi th  the s p e c i f i e d  gas concen t r a t ion  i n  t h e  atmosphere,  
can be de t ec t ed  by a lock-in a m p l i f i e r  s i n c e  it has  a chop frequency d i f f e r e n t  
than t h e  r e fe rence  c e l l  chop. 

A photograph of t he  o p t i c a l  system is shown i n  f i g u r e  3. The r o t a t i n g  
s p l i t  c e l l  has a 15-cm i n s i d e  diameter and t h e  i n s i d e  s e p a r a t i o n  between t h e  
end windows ( o p t i c a l  p a t h )  is 2.54 cm. Undiluted spec i fy ing  gas is gener- 
a l l y  used i n  the cel l  and r e s u l t s  i n  an o p t i c a l  t h i ckness  of  2.54 atm-cm. 
( 1  atm = 101.3 kPa. ) 
of  4 cm. 

The I R  l e n s  has a f o c a l  l e n g t h  o f  20 cm and a diameter  
Th i s  o p t i c a l  system is por t ab le  and is  mounted on a t r i p o d  for ease I 
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of al inement .  
ins t ruments  and a glowing s i l i c o n  carbide rod is  used f o r  t h e  CO ins t rument .  

A q u a r t z  lamp is used as a l i g h t  source  f o r  t h e  CH4 and HC1 

S igna l  Processing C i r c u i t  

The e l e c t r o n i c  system designed f o r  process ing  t h e  I R  d e t e c t o r  ou tput  is  
shown i n  f i g u r e s  4 and 5. 
(21 Hz ( ce l l  chop) ,  420 Hz ( spec i fy ing  c e l l  chop) ,  and 378 Hz ( r e fe rence  c e l l  
chop))  f a l l s  on t h e  PbSe d e t e c t o r .  The output  of  t h e  d e t e c t o r  is ampl i f ied  by 
a low-noise p reampl i f i e r  l oca t ed  c l o s e  t o  t h e  d e t e c t o r  t o  maintain t he  h i g h e s t  
p o s s i b l e  s igna l -noise  r a t i o  and then is s p l i t  i n t o  i n p u t s  t o  t h e  21-Hz and 
420-Hz c i r c u i t  channels .  

I n f r a r e d  r a d i a t i o n  chopped a t  three f requencies  

The 21-Hz i n p u t ,  which con ta ins  t h e  information on v a r i a t i o n s  i n  o u t s i d e  
s p e c i f i e d  gas concen t r a t ion ,  is  passed through a band-pass f i l t e r  w i t h  v a r i a b l e  
g a i n  t o  remove t h e  420-Hz and 378-Hz components o f  t he  s i g n a l  and t o  reduce t h e  
no i se  l e v e l .  The output  o f  t h e  f i l t e r  then  goes i n t o  t he  null-and-add c i r c u i t  
shown i n  f i g u r e  4 which is used t o  e l e c t r o n i c a l l y  n u l l  t h e  effects of  absorp- 
t i o n  wi th in  the  spec i fy ing  ce l l .  Nuil ing t h e  21-Hz s i g n a l  is necessary i n  o r d e r  
t o  o b t a i n  a zero output  s i g n a l  f o r  zero  specified gas concent ra t ion  i n  t h e  
o p t i c a l  path i n  o rde r  t o  i n c r e a s e  the  s e n s i t i v i t y  o f  t he  phase s e n s i t i v e  detec- 
t o r  f o r  t h e  measurement o f  very  small s i g n a l s  r e s u l t i n g  from very  small gas 
concent ra t ions .  

The output  of  the  n u l l  c i r c u i t  is then fed t o  the  21-Hz phase s e n s i t i v e  
d e t e c t o r  which is synchronized t o  t h e  inpu t  s i g n a l  by gate pu l ses  from t h e  
21-Hz phase c o n t r o l  c i r c u i t  which are der ived from the  21-Hz r e fe rence  s i g n a l  
d e t e c t o r s .  The r e fe rence  s i g n a l  d e t e c t o r s  o b t a i n  their  s i g n a l s  from s e p a r a t e  
choppers attached t o  t h e  r o t a t i n g  c e l l .  A phase-sens i t ive  d e t e c t o r  and phase- 
c o n t r o l  c i r c u i t  combination c o n s t i t u t e  a lock-in a m p l i f i e r  which produces a 
dc output  t h a t  is p ropor t iona l  t o  t h e  root-mean-square ( r m s )  value of  t he  
s i g n a l  i n p u t  amplitude.  

Demodulation o f  t h e  420-Hz s i g n a l  is  accomplished by sending t h e  a m p l i f i e d  
I R  d e t e c t o r  pu lse  d i r e c t l y  i n t o  t h e  420-Hz lock-in amplifier system which e l i m i -  
n a t e s  both the  21-Hz and t h e  378-Hz s i g n a l s .  The dc vo l t age  output  is there- 
f o r e  p ropor t iona l  t o  t h e  i n p u t  amplitude o f  t h e  spec i fy ing  c e l l  chopped s i g n a l .  
Range s e l e c t i o n  s t e p s  of  i n p u t  vo l t age  t o  output  vo l t age  from 10-1 t o  10-5 are 
provided t o  span a large range of  gas concen t r a t ions .  The phase-sens i t ive  
d e t e c t o r s  are followed by low-pass f i l t e r s  w i t h  s e l e c t a b l e  t i m e  cons t an t s  permit-  
t i n g  longer  i n t e g r a t i o n  times f o r  low-level s i g n a l s .  The dual-channel dc s i g n a l s  
are then fed i n t o  a d i v i d e r  c i r c u i t  t o  produce t h e  system output  which is moni- 
t o red  by a s t r i p  recorder .  Panel meters are provided t o  read the  output  o f  each 
phase-sens i t ive  d e t e c t o r  and the  d i v i d e r  ou tput  and c o n t r o l s  are a v a i l a b l e  on 
t h e  f r o n t  panel  and on an i n s i d e  panel  so t h a t  each component of  t he  system is  
ad  j u s t a b l e .  

Details o f  t h e  null-and-add c i r c u i t  are shown i n  f i g u r e  5. The synchro- 
nous 21-Hz gated s i g n a l  from the 21-Hz phase c o n t r o l  c i r c u i t  is fed  through 
a phase shifter and i n t o  an ampli tude modulator c i r c u i t .  Modulation o f  t h e  
21-Hz square-wave ampli tude is c o n t r o l l e d  by the dc output  of  t he  420-Hz phase 
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s e n s i t i v e  d e t e c t o r  which detects only  the  v a r i a t i o n  o f  the  l i g h t  source  seen  
by the  o p t i c a l  system. T h i s  nodulated s i g n a l  is then  modified i n t o  a s i n e  wave 
by us ing  a 21-Hz band-pass f i l t e r  w i t h  v a r i a b l e  ga in  which s e r v e s  as the  ze ro  
c o n t r o l .  For proper  n u l l i n g ,  the s i n e  wave is s h i f t e d  180° o u t  o f  phase w i t h  
the  21-Hz s i n e  wave obtained from the  I R  d e t e c t o r  and then both are fed  i n t o  
t h e  add c i r c u i t  where t h e  21-Hz s i g n a l  o f f s e t  can be e f f e c t i v e l y  balanced. 
When an e l e c t r o n i c  ze ro ing  scheme is u t i l i z e d ,  it is e s s e n t i a l  t h a t  t he  time 
c o n s t a n t s  f o r  both t h e  s i g n a l  t o  be nu l l ed  and the  n u l l i n g  s i g n a l  be as i d e n t i -  
cal  as poss ib l e .  If the time cons tan t s  are not  matched, the  21-Hz phase sens i -  
t i v e  d e t e c t o r  w i l l  sense  a phase s h i f t  i n  t h e  add c i r c u i t  when'a fast  f luc tua -  
t i o n  o f  the l i g h t  source  occurs .  The output  s i g n a l  r e s u l t i n g  from t h i s  phase 
s h i f t  may be  larger than  the  s p e c i f i e d  gas concen t r a t ion  s i g n a l  when the  sens i -  
t i v i t y  range o f  the  instrument  is set  a t  a high l e v e l .  A photograph of the  
e l e c t r o n i c  process ing  system is shown i n  f i g u r e  6.  

S p e c t r a l  Characteristics o f  Gases 

Fea tu res  o f  t h e  characteristic t ransmiss ion  s p e c t r a  used i n  t h i s  s t u d y  are 
shown f o r  each o f  the  three gases i n  f i g u r e s  7 ,  8 ,  and 9. These measurements 
were obtained by us ing  an o p t i c a l  spec t rograph  which was scanned over  t h e  wave- 
l e n g t h  range o f  i n t e r e s t  t o  measure t h e  i n t e n s i t y  o f  the  I R  beam after i t  passed 
through the  i n t e r f e r e n c e  f i l t e r  and spec i fy ing  gas. The CO abso rp t ion  band i s  
presented i n  f i g u r e  7 and inc ludes  p a r t  o f  the  P and R branches of t h e  CO band 
near  4.7 pm. The CH4 abso rp t ion  band near  3 . 3  pm is  presented  i n  f i g u r e  8 and 
inc ludes  P and R branch l i n e s  and t h e  e n t i r e  unresolved Q branch which is  n o t  
p re sen t  i n  t h e  CO and H C 1  bands. Characteristic f e a t u r e s  o f  t he  H C 1  band n e a r  
3.4 pm are seen i n  f i g u r e  9.  Th i s  band-pass f i l t e r  is  s l i g h t l y  broader than  
t h e  o t h e r s  and i n c l u d e s  on ly  one R branch l i n e  and seven l i n e s  o f  t he  P branch. 
Doublets e x i s t  f o r  each l i n e  o f  the  band as a r e s u l t  of  t h e  i s o t o p e s  ~ ~ 1 3 5  and 
~ ~ 1 3 7 .  
s p e c i f y i n g  c e l l ;  as a r e s u l t  the  o p t i c a l  t h i ckness  was 2.5 atm-cm. Under these 
cond i t ions ,  t he  r a d i a t i o n  from the  source  is  s t r o n g l y  absorbed a t  t he  character- 
i s t i c  wavelengths o f  each gas. 

Undiluted ins t rument  grade CO, CH4,  and H C 1  gases were used i n  t h e  

The l i n e  r e s o l u t i o n  shown i n  f i g u r e s  7 ,  8 ,  and 9 i s  a r e s u l t  of  t h e  spec- 
t rograph  used and does not  i n d i c a t e  t h e  gas f i l t e r  c o r r e l a t o r  r e s o l u t i o n  which 
is much greater. Resolut ion of  t h e  gas f i l t e r  can be increased  by decreas ing  
t h e  o p t i c a l  t h i ckness  of the specifying gas which r e s u l t s  from decreased l i n e  
broadening i n  t he  s p e c i f y i n g  gas. Increased  r e s o l u t i o n  becomes important  i f  
i n t e r f e r i n g  gas abso rp t ion  l i n e s  e x i s t  w i th in  the  band-pass f i l t e r  wavelength 
range and ove r l ap  t h e  spec i fy ing  gas l i n e s .  

RESULTS AND TESTING 

Ca l ib ra t ion  

To calibrate the  instrument  for a particular gas, t h e  spec i fy ing  cel l  must 
first be charged w i t h  t h e  gas t o  be measured and the  proper  i n t e r f e r e n c e  f i l t e r  
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i n s t a l l e d  i n  the  d e t e c t o r  assembly. 
zeroed and t h e  g a i n  c o n t r o l s  are ad jus t ed  f o r  a f u l l - s c a l e  reading  over  the 
s e n s i t i v i t y  range o f  i n t e r e s t .  

The instrument  is then  e l e c t r o n i c a l l y  

Certif ied s tandard  gas mixtures  con ta in ing  known amounts o f  CO, C H 4 ,  o r  
HC1 i n  p r e p u r i f i e d  N 2  are then  admit ted t o  the  c a l i b r a t i o n  ce l l  shown i n  fig- 
u r e  1 wi th  t he  I R  source moved c l o s e  t o  t h e  instrument  t o  e l i m i n a t e  a tmospheric  
absorp t ion  o f  t h e  gas t o  be measured. G a s  concen t r a t ion  and instrument  output  
are recorded t o  o b t a i n  t h e  c a l i b r a t i o n  d a t a  presented  f o r  CO i n  f i g u r e  I O ,  f o r  
CH4 i n  f i g u r e  1 1 ,  and f o r  H C 1  i n  f i g u r e  12. 

The lower d e t e c t a b l e  concen t r a t ion  f o r  each o f  t h e  gases is  about  5 ppm-m 
and occurs  when the s igna l -noise  r a t i o  reaches u n i t y ,  a time cons tan t  o f  1 sec- 
ond being used. Lower d e t e c t a b l e  concen t r a t ions  may be achieved by us ing  longer  
time cons tan t s  and much lower gas concen t r a t ions  than 5 ppm may be measured i f  
longer  l i g h t  pa ths  are used. The upper detectable concen t r a t ion  is  reached when 
t h e  o p t i c a l  depth i n  t he  sampling pa th  approaches t h e  o p t i c a l  depth i n  t he  spec- 
i f y i n g  ce l l .  Measurements o f  trace gas concen t r a t ions  above s e v e r a l  hundred ppm 
are unnecessary i n  p o l l u t i o n  measurements, bu t  the  c a l i b r a t i o n  i n d i c a t e s  t h a t  t he  
instrument  is s e n s i t i v e  above 6000 ppm-m and is f a i r l y  l i n e a r  up t o  300 ppm-m. 

I n t e r f e r i n g  Gases 

I n t e r f e r i n g  effects  were evaluated f o r  o t h e r  gases tha t  may be p resen t  i n  
t he  atmosphere inc lud ing  C 0 2 ,  CO,  H 2 0 ,  C H 4 ,  C 2 H 4 ,  C 2 H 6 ,  C 3 H 8 ,  C 4 H 1 0 ,  and N 2 0 .  
These tests cons i s t ed  o f  admi t t i ng  known concen t r a t ions  o f  t h e  i n t e r f e r i n g  gas 
i n t o  t h e  c a l i b r a t i o n  cel l  and observing instrument  s i g n a l s  which would i n d i c a t e  
equ iva len t  concen t r a t ions  o f  t h e  s p e c i f i e d  gas. The r e s u l t s  f o r  CO are pre- 
sen ted  i n  f i g u r e  13 and only  N20 is found t o  cause i n t e r f e r e n c e .  The CO C a l i -  
b r a t i o n  curve is a l s o  inc luded  i n  t h i s  p l o t  f o r  comparative purposes.  S ince  
an N20 band is known t o  over lap  the  R branch of the  CO band, t h i s  effect ,  
a l though small, was expected.  By us ing  f i g u r e s  10 and 13, it can be estimated 
t h a t  equ iva len t  s i g n a l s  are obtained f o r  about  1000 ppm-m of  N20 and 10 ppm-m 
of  CO. If t h i s  r a t i o  is ex t r apo la t ed  down t o  t h e  a n t i c i p a t e d  midrange concen- 
t r a t i o n  f o r  a tmospheric  CO,  then 100 ppm of  N20 g i v e s  an  equ iva len t  s i g n a l  as 
1 ppm o f  CO. S ince  the  measured atmospheric concen t r a t ions  of  N 2 0  are gener- 
a l l y  less than 500 ppb ( ref .  81, t h e  equ iva len t  CO concen t r a t ion  would be less 
than  5 ppb. The r e s u l t i n g  e r r o r  would be i n s i g n i f i c a n t  f o r  CO a tmospheric  
measurements. 

Resul t s  o f  t he  i n t e r f e r i n g  gas s tudy  f o r  t he  CH4 ins t rument  ve r s ion  are 
shown i n  f i g u r e  14 a long  w i t h  the  CH4 c a l i b r a t i o n  curve.  
effects were found f o r  C 2 H 4  and C 2 H 6  but  nega t ive  c o r r e l a t i o n s  were found f o r  
C 3 H 8  and C 4 H 1 0 .  P o s i t i v e  i n t e r f e r e n c e  r e s u l t s  from absorb ing  gas l i n e s  t h a t  
ove r l ap  the  s p e c i f i e d  gas l i n e s  i n  t he  f i l t e r  wavelength i n t e r v a l  and g i v e  rise 
t o  a decrease i n  t he  t ransmiss ion  through t h e  r e fe rence  ce l l  but  do n o t  sig- 
n i f i c a n t l y  affect the  t ransmiss ion  through the  spec i fy ing  ce l l .  Negative i n t e r -  
f e rence  r e s u l t s  from absorb ing  gas l i n e s  t h a t  do no t  ove r l ap  the  spec i fy ing  gas 
l i n e s  i n  the  f i l t e r  wavelength i n t e r v a l  and are an effect o f  t he  n u l l i n g  pro- 
cedure.  

P o s i t i v e  i n t e r f e r e n c e  

I n  t h i s  case, the  t ransmiss ion  through both cel ls  is decreased but  by 
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d i f f e r e n t  amounts s i n c e  the  e l e c t r o n i c  zero ing  c i r c u i t  has  reduced t h e  d e t e c t o r  
ou tput  when t h e  r e f e r e n c e  c e l l  is i n  t h e  I R  pa th  i n  o r d e r  t o  n u l l  t h e  ins t rument  
ou tpu t .  

A s  i n  t h e  CO ins t rument ,  it can be shown tha t  t h e  i n t e r f e r i n g  effects o f  
t h e  hydrocarbons are small when the  ins t rument  is set  up t o  measure atmospheric  
CH4. Not only  do t h e  p o s i t i v e  and negat ive  i n t e r f e r i n g  s i g n a l s  tend t o  cance l  
each o t h e r  o u t ,  bu t  t h e  t o t a l  hydrocarbon concen t r a t ion  o f  t h e  atmosphere, 
excluding C H 4 ,  is  g e n e r a l l y  an o rde r  o f  magnitude less  than  t h e  CH4 concentra- 
t i o n .  Typical  va lues  measured ( r e f .  9 )  are as fol lows:  

Value, ppm 

2.355 
.0636 
.0636 
.0276 

< .oooo 
~~ 

If the  i n t e r f e r i n g  s i g n a l  of  each i n t e r f e r i n g  hydrocarbon measured i s  
weighted according t o  t h e  r a t i o  of  t h a t  s p e c i f i c  gas concen t r a t ion  t o  t h e  CH4 
concent ra t ion  l i s t e d  above and then added, t he  t o t a l  r e s u l t  w i l l  approximate 
t h e  l i n e  of  long dashes shown i n  f i g u r e  14 .  
t h e  e r r o r  would amount t o  about  + I  percent  o r  an  equ iva len t  CH4 concen t r a t ion  
of 24 ppb. 

For a 2.4-ppm concen t r a t ion  of  CH4, 

Although some ove r l ap  e x i s t s  between t h e  H C 1  and CH4 bands,  no CH4 i n t e r -  
fe rence  was found on t h e  H C 1  ve r s ion  o f  t he  ins t rument .  O f  the  gases t e s t e d ,  
C3H8, C2H6, and C4Hlo d id  produce i n t e r f e r e n c e  effects and a l l  i n d i c a t e  a neg- 
a t i v e  c o r r e l a t i o n  as shown i n  f i g u r e  15. Again t h e  r e s u l t s  of  these s i g n a l s ,  
when weighted according t o  t h e i r  atmospheric concen t r a t ion ,  would be i n s i g n i f i -  
can t  f o r  an H C 1  sensor  used t o  measure t h i s  gas i n  t he  ppm range. 

I n t e r f e r e n c e  effects of H20 are d i f f i c u l t  t o  determine f o r  a long-path 
instrument  because the  H20 s a t u r a t i o n  l e v e l s  o f  a i r  l i m i t  t h e  upper ob ta inab le  
concent ra t ion .  Two tests were performed t o  check H20 effects.  
o f  i n t roduc ing  moist  a i r  i n t o  a I-m c a l i b r a t i o n  c e l l  whi le  monitor ing the  
instrument  ou tpu t .  The a i r  was saturated by pass ing  i t  through a steam chamber 
and then coo l ing  it t o  room temperature .  S ince  the  o p t i c a l  pa th  may be many 
times longer  than  1 m ,  t he  H20 concen t r a t ion  is much less f o r  t h i s  t e s t  than  
t h e  maximum t h a t  could be encountered i n  t he  f i e l d  depending on t h e  humidity 
and the  pa th  l eng th .  The second test cons i s t ed  of  simply i n c r e a s i n g  t h e  pa th  
l eng th  from 5 t o  100 m dur ing  a t y p i c a l  humid day and observing t h e  d i f f e r e n c e  
i n  the  i n d i c a t e d  gas concen t r a t ion  due t o  H20 i n  t he  pa th  when t h e  change i n  
pa th  l eng th  is  accounted f o r .  
vers ion  of  t h e  ins t rument .  When very long p a t h s  are considered o r  i f  measure- 
ments are taken i n  extremely humid weather, t h e  second test  should be repea ted  
as a s tandard  ope ra t ing  procedure.  

One cons i s t ed  

No H20 i n t e r f e r e n c e  effects  were observed i n  any 
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Fie ld  Measurements 

Var i a t ions  o f  t h e  CO and C H 4  concent ra t ions  were monitored over  approxi- 
mately one d i u r n a l  c y c l e  t o  check t h e  a d a p t a b i l i t y  of t h e  instrument  t o  f i e l d  
ope ra t ions .  Zeroing w a s  accomplished by moving t h e  I R  source as c l o s e  as pos- 
s i b l e  t o  t h e  instrument  and e l e c t r o n i c a l l y  zero ing  t h e  output .  The I R  source 
was then moved back t o  o b t a i n  a path l eng th  o f  50 m and t h e  i n t e n s i t y  of  t h e  
source w a s  ad jus t ed  so t h a t  t h e  peak-to-peak s i g n a l  measured by t h e  I R  d e t e c t o r  
remained cons t an t .  A c a l i b r a t i o n  check was made by us ing  a 3.3-cm ce l l  placed 
i n  t h e  l i g h t  path.  Gas concen t r a t ions  were then cont inuously monitored f o r  t h e  
time period shown i n  f i g u r e s  16 and 17. 

The CO concent ra t ion  measurements i n d i c a t e  a cont inuous rise between 6 
and 8 p.m. on March 8 ,  1977, t o  over  3 ppm, and then a slow decrease t o  below 
1 ppm dur ing  t h e  n i g h t .  A similar  behavior was observed on t h e  morning o f  
March 9 ,  1977. These measurements were taken  a t  Langley Research Center which 
is loca ted  about  13 km nor th  and east of t h e  c e n t e r  o f  t h e  urban area compris- 
i n g  Hampton and Newport N e w s ,  V i rg in i a .  The wind was cont inuously from t h e  
sou th  and southwest over t h i s  per iod o f  measurement. Under t h e s e  cond i t ions ,  
t h e  maximum values  of  CO concen t r a t ion  are a t t r i b u t e d  t o  t h e  r e s u l t  of  t h e  
evening and morning l lrushll  hour emissions from automobiles  i n  t h e  urban areas 
t o  t h e  south of  Langley Research Center .  

Also included i n  f i g u r e  16 a r e  I-hour averages of  t h e  CO concent ra t ion  
measured independent ly  with a commercial I R  abso rp t ion  instrument  a t  t h e  
I n d u s t r i a l  Park,  Hampton, V i rg in i a .  This  s i t e  is loca ted  approximately 13 km 
southwest of  t h e  Langley s i t e .  The agreement of  t h e  two sets of  d a t a  i s  excel-  
l e n t  and the  time lag is  t o  be expected s i n c e  t h e  wind was moving t h e  a i r  mass 
conta in ing  t h e  CO from Hampton t o  Langley. 

Var ia t ions  of  CH4 concent ra t ion  are presented i n  f i g u r e  17 and i n d i c a t e  
a large CH4 event  t o  have occurred between 4 and 8 a . m . ,  December I O ,  1976. 
These measurements were a l s o  taken a t  Langley Research Center near  a saltwater 
marsh. The wind speed dur ing  t h e  time of  high C H 4  concen t r a t ions  was e f f ec -  
t i v e l y  calm and from 1 t o  5 km/hr during t h e  rest of t h e  per iod .  Because o f  
t h e  wind-related e f fec t ,  t h e  h igh  CH4 concen t r a t ions  are assumed t o  be due t o  
l o c a l  n a t u r a l  sources  r e s u l t i n g  from anaerobic  b a c t e r i a l  decomposition of 
organic  matter. 
comparison. 

No independent measurements of  CH4 were a v a i l a b l e  f o r  

CONCLUDING REMARKS 

A fas t - response  instrument  f o r  monitor ing t h e  atmospheric c o n s t i t u e n t s  
of CO, CH4, and H C 1  (u s ing  a modified nondispers ive  i n f r a r e d  technique)  w a s  
designed,  assembled, and t e s t e d .  This  gas  f i l t e r  c o r r e l a t i o n  method uses  a 
sample of gas t o  provide a s e l e c t i v e  f i l t e r  f o r  r a d i a t i o n  absorbed i n  a gas 
mixture  con ta in ing  t h e  s p e c i f t e d  gas. Depending on t h e  s p e c t r a l - l i n e  broad- 
ening,  temperature ,  and o p t i c a l  depth o f  t h e  gas selected, excep t iona l ly  h igh  
s p e c t r a l  r e s o l u t i o n  may be a t t a i n e d .  A d e s c r i p t i o n  o f  t h e  single-beam r o t a t i n g -  
cel l  system is presented a long  wi th  t h e  s i g n a l  process ing  c i r c u i t .  The i n s t r u -  
ment descr ibed  is used f o r  a s p e c i f i c  a p p l i c a t i o n  which inc ludes  a f i x e d - l i g h t  
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source  and a known path l eng th .  C a l i b r a t i o n s  o f  t he  ins t rument  show t h a t  t he  
technique  can be used t o  measure COY CH4, and H C 1  concen t r a t ions  as small as 
5 ppm-m. A f i e l d  ve r s ion  was employed t o  measure t y p i c a l  d i u r n a l  v a r i a t i o n s  
of CO and CH4 and the  effects o f  a tmospheric  i n t e r f e r i n g  gases are analyzed.  

Langley Research Center  
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
November 17, 1977 
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Figure 1.- Gas-filter correlation technique. 
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Figure 2.- Details of light beam chopping blade which is permanently attached 
to rotating specifying cell. 
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Figure 3 . -  Photograph of o p t i c a l  system. 
L-77-2609 
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Figure 4.- Schematic of signal processing circuit for gas 
filter correlation analyzer. 
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Figure 6. - Photograph of signal processing system. 
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Figure 7.- Transmission of  I R  beam through 4.69-ym i n t e r f e r e n c e  f i l t e r  
and CO spec i fy ing  ce l l  a t  band near  4.7 pm. 
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Figure 8.- Transmission of I R  beam through 3.42-pm in t e r f e rence  f i l t e r  and 
CH4 specifying c e l l  a t  band near 3 . 3  pm. 
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Figure 9.- Transmission o f  I R  beam through 3.56-pm i n t e r f e r e n c e  f i l t e r  
and HC1 spec i fy ing  c e l l  a t  band near  3.4 pm. 
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Figure 10.- Instrument calibration for CO at 1 atmosphere. 
Solid line is faired through pofnts. 
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Figure 11.- Instrument calibration for CH4 at 1 atmosphere. 
Solid line is faired through points. 
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Figure 12.- Instrument calibration for HC1 at 1 atmosphere. 
Solid line is faired through points. 
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Figure 13.- A comparison of absorption interfering effects of 
N20 on CO gas filter correlation analyzer with CO calibration. 
Solid lines are faired through points. 

24 



J 

r Weighed error 

Optical thickness, 
PPm-m 

4 00 

300 

200 

100 

0 
-4 - 2  0 2 4 6 8 10 

Instrument output, volts x scale range 

Figure 14.- A comparison of absorpt ion i n t e r f e r i n g  effects of  C2H4, C2H6, C3H8, 
and C4H10 on CH4 gas f i l t e r  co r re l a t ion  analyzer  w i t h  CH4 ca l ib ra t ion .  
l i n e s  are faired through points .  

Sol id  



2000 

1600 

1200 

Optical thickness, 
PPm-m 

800 

400 

0 
- 4  0 4 8 1 2  16 20 24 

Instrument output ,  v o l t s  x s c a l e  range 

Figure 15.- A comparison of  absorp t ion  i n t e r f e r i n g  effects of C3H8, C2H6, 
and C4H10 on HC1 gas f i l t e r  c o r r e l a t i o n  ana lyze r  w i t h  HC1 c a l i b r a t i o n .  
So l id  l i n e s  are faired through po in t s .  
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